Abstract Meteor radar observations at the Sodankylä Geophysical Observatory (67°22′N, 26°38′E, Finland) indicate that the mesospheric temperature derived from meteor decay times is systematically underestimated by 20-50 K during the Geminids meteor shower which has peak on 13 December. A very good coincidence of the minimum of routinely calculated temperature and maximum of meteor flux (the number of meteors detected per day) was observed regularly on that day in December 2008-2014. These observations are for a specific height-lifetime distribution of the Geminids meteor trails and indicate a larger percentage of overdense trails compared to that for sporadic meteors. A consequence of this is that the routine estimates of mesospheric temperature during the Geminids are in fact underestimates. The observations do, however, indicate unusual properties (e.g., mass, speed, or chemical composition) of the Geminids meteoroids. Similar properties were found also for Quadrantids in January 2009-2015, which like the Geminids has as a parent body an asteroid, but not for other meteor showers.
Introduction
Modern meteor radars (MR) are widely used to continuously monitor the mesospheric temperature and wind velocity. The radars detect echoes from ionizing meteor trails at heights between 80 and 100 km. Several criteria are applied to distinguish meteor trails from other targets (e.g., aircrafts, lightning, and sporadic ionospheric layers), and after that, the position, Doppler velocity, and decay times of the meteor trails are determined [Hocking et al., 2001] . The dependence of decay time on height is used to estimate the mesospheric temperature [Hocking, 1999] .
Routine meteor radar observations at the Sodankylä Geophysical Observatory (SGO, 67°22′N, 26°38′E) started in December 2008. The SGO MR is an all-sky interferometric meteor radar (SKiYMET) operating at a frequency 36.9 MHz, with a transmitting antenna which has a broad radiation pattern designed to illuminate a large expanse of the sky. Algorithms of the SKiYMET radar signal processing are described in Hocking et al. [2001] . Normally, several thousand meteors per day are detected (see Figure 1a , which presents the meteor occurrence from December 2008 to January 2015), and daily-averaged values of temperature near 90 km height are routinely estimated.
Figure 1b presents daily data of the mesospheric temperature for the same interval and height as Figure 1a and shows an annual variation with a maximum of about 180 K in the winter and a minimum about 110 K in the summer. This annual variation is indeed typical for high latitudes because of the global atmospheric circulation [e. g., Andrews et al., 1987] . Also, noticeable are temperature drops by about 20 K in January 2009 and 2010, which were associated with sudden stratospheric warmings (SSWs) [Lukianova et al., 2015] . Thus, the SGO MR data demonstrate agreement with commonly accepted concepts of mesosphere physics.
Undertaking a systematic study of the mesospheric temperature, we discovered a surprising feature of the temperature behavior in December, which is presented in Figure 2 . Here curves of different colors in Figure 2a show the MR temperature data obtained in late November and December in all 7 years of observations. The temperature variations were about the same in all 7 years, with a gradual decrease starting after 4 December from a value of about 180 K to a minimum of between 130 and 160 K on 13 December and returning back to~180 K by 16 December. The magnitudes of the December temperature drops are comparable with those which occurred during SSW. measurements Hocking et al., 2004] . Thayer and Livingston [2008] found that the arctic mesosphere cooling in December 2000 was associated with stratosphere baroclinic zones, which was supported by multi-instrument temperature measurements from ground to mesosphere heights in Greenland. However, except these papers on the event from December 2000, we have not found in the literature other reports on such a regular yearly behavior of mesospheric temperature or peculiarity of atmospheric dynamics in December.
Further, we compare the SGO MR data to the simultaneous temperature data from the Earth Observing System Microwave Limb Sounder (EOS MLS) on board the Aura satellite [Waters et al., 2006] . We selected the MLS data from an area of about 600 km diameter (5°in latitude and 15°in longitude) around SGO at five heights within approximately 80-100 km. Typically, there were 17-20 height profiles measured every day in the selected area at about 02-04 and 12-14 local time. Thus, measurements of both nighttime and daytime temperatures were observed. Daily data averaged over the selected area and height range are presented in Figure 2b . This plot shows the mesosphere temperature values mostly within 190-200 K during the whole month. This temperature is close to the MR measurements on 1-4 and 16-31 December. There are, however, no signatures of a regular temperature drop between 5 and 15 December similar to that in the MR data.
Recently, similar comparison between SGO MR and Aura MLS data was performed for the event of sudden stratospheric warming in January 2009, and reasonable agreement of the temperature variations in both instruments was shown [Lukianova et al., 2015] . As an additional check, we calculated daily averaged temperature from the MR data obtained only for the 02-04 and 12-14 local time intervals to match to the Aura measurements. These data (not shown here) demonstrated the same temperature drop that is manifested in Figure 2a for the daily MR data. Thus, the regular December mesospheric temperature drop in the SGO MR data is not supported by independent measurements of the mesospheric temperature in the same area. Moreover, it is hard to imagine such a peculiarity of atmospheric behavior, where the mesospheric temperature drops on the same day during all 7 years of observations. We, therefore, may suppose that it may be an artifact related in some way to regular meteor showers. To test this hypothesis, Figure 2c shows the number of meteor detections per day in December 2008-2014 in the same format as Figure 2a . An enhancement of meteors occurs with a peak number on 13 December, which is associated with the Geminids meteor shower [e.g., Jenniskens, 2006] , and there is a clear coincidence between temperature drop in Figure 2a and the increase of meteor flux in Figure 2c .
It appears therefore that the apparent temperature decrease in December is an artifact caused by the Geminids, i.e., the temperature during the meteor shower is likely underestimated by the routine calculations. The present paper is an attempt to investigate this effect. First, we briefly describe the method used for temperature estimation from the MR data of height and decay time of trails. Second, we investigate peculiarities of the height and decay time distributions of Geminids, which are different from those of sporadic (i.e., background) meteors. Third, we look at the data of other meteor showers (in particular, Quadrantids). Finally, we discuss the results in view of our knowledge of composition, physical properties, and origin of meteors.
Decay of Meteor Trails and the Mesospheric Temperature
When a meteoroid enters the sufficiently dense part of the atmosphere, it produces an ionized trail, which is able to backscatter radio signals. Most meteor trails occur at heights of 80-100 km where they expand due to ambipolar diffusion. Kaiser [1953] has shown that in course of this expansion the amplitude of the backscattered signal decays as where λ is the radar wavelength and D a is a diffusion coefficient. This formula is valid for underdense trails where the frequency of the radio wave exceeds the trail plasma frequency. It is assumed that the majority of the meteor trails are underdense. In section 4 we discuss the applicability of this assumption.
According to (1), the diffusion coefficient can be calculated as
where τ is the time for which the amplitude of the backscattered signal from a meteor trail falls to one half of its maximum value. On the other hand, the ambipolar diffusion coefficient is given as [e.g., Chilson et al., 1996 ]
where k B is the Boltzmann constant, q is the ion charge, T and p are the temperature and pressure of the neutral gas, respectively, and K 0 is the zero-field reduced mobility of the ions. This formula is valid if ions and electrons are in thermal equilibrium with the neutral gas, which is satisfied below 100 km.
In the simplest case of an isothermal atmosphere where p = p 0 exp(Àhmg/k B T), where h is the height, m is the mass of a typical atmospheric molecule, and g is the acceleration of gravity, we get from (2) and (3):
The dependence between experimental values of the height (h) and lifetime (lnτ) of many (thousands) individual trails may be approximated by a least squares linear fit, and the temperature may thus be estimated from the slope of the fit line according to (4). The obtained temperature is an averaged value over time and height (averaging over 1 day and 80-100 km, respectively, is normally used in MR measurements). This is the basic idea of the method, although, in practice, a more sophisticated routine is used in the SKiYMET radar. Namely, a model of the temperature gradient is taken into account, such that the lifetime-height dependence is fitted by a higher-order polynomial, and a linear correction with empirical coefficients is applied [Hocking, 1999; Hocking et al., 2001] . Before the fitting, data with too large and too small decay times and too large zenith angles are removed, where parameters of the preliminary data selection are set according to previous experience. The obtained temperature is referred to here as "routinely calculated temperature", and it is this parameter which is shown in Figures 1b and 2a.
It is not obvious, a priori, which stage of the data processing is responsible for the December temperature artifact. We, therefore, first consider the isothermal atmosphere case with linear fit of the lifetime-height dependence. We have used all unambiguous detections with zenith angles less than 50°(which is the same value as used in the standard SKiYMET data analysis) with no selection on the decay time. The obtained temperature (referred to below as the uncorrected temperature T uc ) is shown in Figure 2d in the same format as Figure 2a . The uncorrected temperature fluctuates more than the routinely calculated temperature ( Figure 2a ) probably because the lack of preliminary data selection. It does, however, exhibit a very similar behavior to the routinely calculated temperature, with the same drop during the Geminids. Thus, the December temperature artifact originates from the lifetime-height distribution of Geminids meteor trails.
In the next section we consider this distribution.
Lifetime-Height Distributions of Meteor Trails
To understand the temperature artifact, we now compare the two-dimensional distributions of meteor trails in the frame of height and log 10 (1/τ) (referred below as 2-D distributions) during the Geminids on 12-14 December and during sporadic (background) meteors on 20-22 December. Indeed, according to the radiant data [Rapp et al., 2012, Figure 4 ] on 12-14 December about half of the meteors are observed in the Geminid radiant, whereas the meteors detected after 20 December are sporadic, and their count rate is about the same as during Geminids.
Figure 3a presents 2-D distributions (normalized by the relevant maximum) as contour curves at levels of 0.9, 0.5, and 0.1. The distributions were obtained from the data of all unambiguous detections at zenith angles less than 50°(which is the same angle range as used in the standard SKiYMET data analysis) for 6 years Journal of Geophysical Research: Space Physics 10.1002/2015JA022222 (2008-2014, except 2009 , which is explained below) on 20-22 December (blue dashed curves) and 12-14 December (gray solid curves). There were 33,864 meteors on 20-22 December (background meteors) and 65,188 meteors on 12-14 December (Geminids plus background).
The red curves in Figure 3a represent the difference (normalized) between nonnormalized distributions of 20-22 and 12-14 December, and these curves, therefore, represent purely scatter from the Geminids. Indeed, the statistical parameters of meteors in the Geminids season (gray) can be represented as a sum of the background distribution (blue) and that of the Geminids shower (red) under a reasonable assumption that mesospheric conditions do not differ substantially between 12-14 and 20-22 December. The differential distribution is based on about the same number of meteors (31,324) as the background one (33,864), and hence, they are of the same statistical significance. Figure 3a show the least squares linear fits the slopes of which give uncorrected temperature estimates of 124 K and 165 K for the Geminids season and the days of 20-22 December, respectively. Comparing the differential and background 2-D distributions, we can conclude that the smaller slope (lower T uc ) during the Geminids is due to an enhanced, relative to the background, count of meteors with larger decay time (τ ≥ 0.1 s, log 10 (1/τ) ≤ 1) around 90 km height. This feature is further demonstrated in Figures 3b and 3c , which show the height distributions (Figure 3b ) and the decay time distributions at 91 km (Figure 3c ), referred below as h-distribution and τ-distribution, respectively. The height of 91 km corresponds to the height of the maximal Geminids count, whereas the sporadic background meteors show a maximum at 88 km. On average, the Geminids trails are detected 3 km higher than sporadic meteors. The τ-distributions clearly indicate the presence of additional slower-decaying trails during Geminids.
Straight lines of corresponding colors in
Before making the 6 year averaged distributions, we considered such plots as Figure 3 for each of the 7 years 2008-2014 separately (the numbers of unambiguous detections for each year are given in Table 1 ). All 1 year distributions, except 2009, show the same features as those in Figure 3 , and their τ-distributions are considered below. However, in 2009 properties of both Geminids and sporadic meteors in December were essentially different from the other years. This is most likely a consequence of the missile explosion in the ionosphere in the vicinity of SGO on 9 December 2009, the ionospheric effects of which were reported in Kozlovsky et al. [2014] . The observed decay times of MR detections after the explosion were different from normal meteors, and many of the detections might be of nonmeteor origin . The nature of these MR detections is still unclear, and this issue is out the scope of the present paper. In the following we exclude from this study the MR data of December 2009.
Looking at the τ-distributions in Figure 3c , one can notice that the background distribution (blue dashed curve) is similar to a symmetric Gaussian curve, whereas the Geminids distribution (red curve) looks like a joint result of background-type meteors and some other type meteors having larger decay time. To investigate further this issue, we approximated the τ-distribution of Geminids as a sum of two Gaussian curves:
where y is the τ-distribution and x = log 10 (1/τ). Parameters y i , x i , and σ i were obtained by the fitting with the L1 norm global minimizing [Tarantola, 1987] .
The results of the approximation are presented in Figure 4 where 4a-4f show the τ-distributions at 91 km for each year, 2008 and 2010-2014, and Figure 4g shows the 6 year distributions (same as in Figure 3c ). Each panel shows the background distribution (blue solid curve), Geminids distribution (red solid curve), and the two fitting Gaussian curves (dashed red and blue curves). Indeed, the τ-distributions of the Geminids are well approximated by the sums of two Gaussian distributions; the first of which is centered close to the decay time of background meteors (blue curves), and the second one (dashed red curve) is centered at about 0.1 s. It is remarkable that shapes and parameters of the distributions are basically similar in all the years.
Key parameters for each year and common ones for 6 years are presented in Table 1 , where τ 0 is the median decay time of background meteors and τ 1 and τ 2 are central decay times of the approximating Gaussian curves. Because of the grid of the minimizing, the accuracy of τ 1 and τ 2 is about 3 and 5 ms, respectively. Basically, Table 1 shows that τ 1 ≈ τ 0 ≈ 50 ms, and τ 2 ≈ 90 ms. Thus, the Geminids shower apparently consists of two types of meteors, sporadic like and "slowly decaying". The last column on the right gives an estimate of the fraction of slow-decaying meteors in the shower, i.e., the ratio of the area under the second Gaussian curve to the total area under the Geminids τ-distribution. On average, the fraction is about one third. In the next section we study in details the slow-decayed signals detected by the meteor radar.
Radio-Echoes of Meteor Trails
In routine MR operation, for each detected meteor a short 4 s record of the amplitude of the received signal is normally archived. Examples of such records are shown in Figure 5 , where the amplitude of the signals received at one of the five MR antennas is presented versus time. Zero time approximately corresponds to the time of meteor detection. Figures 5a and 5b show typical examples of underdense and overdense trails, respectively. When a meteoroid enters the atmosphere, it produces an ionized trail which expands due to diffusion. When the diameter of the trail reaches the radar wavelength, the radar starts to detect an echo, and the power sharply increases up to its maximum value. If the electron density in the trail at this time is such that the plasma frequency is less than the radar frequency, i.e., the trail is underdense, the power of the backscatter immediately starts to decrease accordingly to (1). If the trail is overdense, i.e., the plasma frequency is larger than the radar frequency, the signal amplitude stays at or near the maximum level for a time during which the plasma 
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frequency in the expanding trail decreases to the radar frequency, after which the signal starts to decay exponentially (Figure 5b ).
Thus, backscatter from underdense trails is characterized by a sharp increase to maximum amplitude and an exponential decrease immediately after that (Figure 5a ). In the case of an overdense trail the signal amplitude remains around the maximum level for some time before starting to decrease (Figure 5b) , so that signals from overdense trails are longer lasting. In the MR signal processing the decay time of trails is determined from width of the autocorrelation functions of the received signals. This is suitable for underdense trails, but for overdense trails it appears that the long duration of signals is incorrectly treated as a longer decay time.
To understand the apparent "bimodality" of Geminids, we consider shapes of the radio echoes corresponding to the two decay times (referred to below as short-and long-lived echoes). We select the echoes at 91.0 ± 0.5 km, which have decay times τ 1 = 42-53 ms (i.e., log 10 (1/τ) = 1.325 ± 0.050) and τ 2 = 84-106 ms (i.e., log 10 (1/τ) = 1.025 ± 0.050). In total, there were 750 short-lived and 359 long-lived echoes detected during the Geminids (12-14 December), whereas on 20-22 December there were 396 and 124 detections, respectively. These numbers are given in Table 2 . However, in the years 2008 and 2013 the 4 s records of MR signals were not archived, so that numbers of records (indicated in parenthesis in Table 2 ) are one third less than the numbers of detected echoes.
A search of the records of signals indicates the short-lived (i.e., around 50 ms) echoes look mostly like those shown in Figure 5a , which corresponds to underdense trails. On the other hand, the long-lived (around 100 ms) echoes predominantly are similar to that in Figure 5b , which corresponds to overdense trails. An approximate estimation indicates that for sporadic meteors a relative contribution of overdense trails is 124/(396 + 124) ≈ 0.2, whereas for the Geminids it is (359-124)/((750-396) + (359-124)) ≈ 0.4. The latter is close to the value of 0.36 obtained from the two-Gaussian approximation (Table 1) .
Usually, it is assumed that the majority of meteor trails are underdense, and moreover, the detection algorithm may reject overdense trails as nonmeteor signals [Hocking et al., 2001] . Nevertheless, we see that Figure 3c) ; and (h) the 6 years τ-distributions for Quadrantids.
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a certain number of overdense trails appears among meteor radar detections. Perhaps in the routine data analysis, the effects of overdense trails are reduced due to the introduction of calibration coefficients [Hocking, 1999] , but now we see that relative number of overdense trails may vary depending on meteor showers, and this affects noticeably the temperature estimate. Obviously, an additional routine for rejecting overdense trails is needed to improve MR temperature data in future. It may be made in a way similar to the method used in Super Dual Auroral Radar Network (SuperDARN) data analysis for distinguishing between Lorentzian and Gaussian spectra [e.g., Jackel, 2000; Moorcroft, 2004] .
Thus, we have found that the Geminids shower may be presented as consisting of two types of meteoroids, sporadic-like, and producing an enhanced number of overdense trails.
Quadrantids and Other Meteor Showers
To study other meteor showers, we produced similar plots to Figure 2 for all other months. A noticeable temperature drop correlated with meteor flux was found only for the Quadrantids occurring on 3 or 4 January ( Figure 6 ). The temperature drop in this case is essentially less prominent than in the case of Geminids, which may be due two reasons. First, true variations of mesosphere temperature are large in January, especially in the years of sudden stratospheric warming [Lukianova et al., 2015] . Second, the Quadrantids occur during only a few hours [e.g., Jenniskens, 2006] . Nevertheless, 43% of meteors on the day of Quadrantids peak are the stream meteors, as indicated in Table 1 , which allows a comparison with the background flux to be done in the same way as for the Geminids.
Similar to Figure 3 , we have compared the height and decay time distributions for the Quadrantids (3 or 4 January) and sporadic meteors before (20 December). These distributions are presented in Figure 7 , and this figure shows the same characteristics that were found for Geminids in Figure 3 . Moreover, the twoGaussian approximation for Quadrantids presented in Figure 4h and Table 1 (bottom row) has about the same parameters values than those of the Geminids. We have attempted to investigate other showers in a similar way, but only the Geminids and Quadrantids are isolated intense showers (i.e., they do not overlap with other meteor streams), thereby allowing a comparison with sporadic meteors. For the other showers the data are more complicated and reveal no specific unusual characteristics. 
Discussion
It is known that the type of radio wave reflection from a meteor trail depends on the linear electron density, α, of the trail. Namely, the trail is underdense if α < < 2.4 Á 10 14 m À1 and overdense if α > 2.4 Á 10 14 m
À1
[e.g., Bronshten, 1983] . The maximum linear electron density of a trail is given as [Bronshten, 1983] α m ¼ 4 9
where μ is the mean mass of atoms of the meteoroid, H is the pressure scale height of the atmosphere, z is the angle of meteor trace to the vertical, M 0 is the initial mass of the meteoroid, and β is an ionization coefficient (i.e., the number of free electrons per single ablated atom of the meteoroid). The ionization coefficient is usually approximated as
where v is the speed of the meteoroid, k is the degree between 3 and 4, and β 0 is a constant which depends on composition of meteoroids.
Thus, the enhanced relative number of overdense trails during the Geminids may be due to the presence of heavier meteoroids (larger M 0 ), or/and larger speed, or/and their different chemical compositions when compared with sporadic meteors. Such a conclusion agrees with the results of Rapp et al. [2012] who studied properties of meteor smoke particles (MSP) with data from three rocket flights on 4, 13, and 19 December 2010, which corresponded to the times before, during, and after the Geminids shower, respectively. The rockets were equipped with Faraday cups for the detection of charged aerosol particles and xenon flash lamps for the active photoionization of MSP and the subsequent detection of photoelectrons. The finding of Rapp et al.
[2012] was reported as follows (citation): "…while the photoelectron current profiles obtained during the first and third flight of the campaign showed a qualitatively similar behavior as the MSP charge density data, the profile from the second flight (i.e., at the peak of the Geminids) shows much smaller photoelectron currents. This may tentatively be interpreted as a different MSP composition (and, hence, different photoelectric properties) during this second flight." The authors noted that their single observation was not enough for a solid conclusion. The present 6 years of MR observations give further support to the conclusion on different chemical composition or/and physical properties (i.e., mass or/and speed) of Geminids.
Indeed, in distinction from most meteor showers originating from comets, the parent body of Geminids is the asteroid (3200) Phaethon [e.g., Jenniskens, 2006] . Phaethon is a 5 km rocky body orbiting the Sun along an elliptical orbit having aphelion in the main asteroid belt and perihelion as close to the Sun as 0.14 astronomical units. Recent observations with the STEREO spacecraft revealed its comet-like activity near perihelion, so Phaethon may be considered as a rock comet [Jewitt and Li, 2010] . It was suggested that the dust production and ejection is caused by thermal fracture and/or thermal decomposition of surface minerals near perihelion [Li and Jewitt, 2013] .
Possible parents of Quandratits are still under discussion. It is believed that at least one of the comet 96P/Machholz and asteroid 2003EH1 is the parent body of the Quadrantid meteor stream [Kanuchova and Neslusan, 2007] . The most recent data allowed Williams and Ryabova [2011] to conclude that the orbit of 2003EH1 is so similar to that of the Quadrantids that there can be no doubt that the two are closely related.
It is curious to note that only Geminids and Quadrantids, which originate from asteroids (rock comets), show the MR temperature effect, whereas for the other showers we do not find specific unusual characteristics. Detailed consideration of the origins of meteor streams and their parent bodies is out the scope of the present paper, and we may only hope that future studies will show whether or not the specific properties of trails of Geminids and Quadrantids are caused by their origin from asteroids as parent bodies.
Summary
Meteor radar observations at the Sodankylä Geophysical Observatory show that the mesospheric temperature derived from meteor decay times has a remarkable minimum each year on 13 December, which is during the maximum of Geminids meteor shower. A very good coincidence of the decrease of routinely calculated temperature and increase of meteor flux (a number of meteors detected per day) was observed regularly in December 2008-2014.
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The mesospheric temperature is derived from the height dependency of the decay time of meteor trails, so that we investigated peculiarities of the height-decay time distributions of Geminids and compared them with those of sporadic (i.e., background) meteors. We found that the distributions during the Geminids shower are different from those of sporadic meteors and may be approximated as the sum of two Gaussian distributions. We interpret this as an indication that Geminids shower apparently consists of two types of meteors, sporadic-like and slowly-decaying.
A more detailed study of signals reflected from meteor trails showed that the "slowly-decayed" trails are mostly overdense trails. Thus, the specific height-lifetime distribution of Geminids meteor trails is due to a larger percentage of overdense trails compared with that of sporadic meteors. It indicates unusual chemical or/and physical properties of the Geminids meteoroids. Similar properties were found also for Quadrantids in January 2009-2015.
A consequence of this analysis is that an additional routine for rejecting overdense trails should be developed. This is an important project to improve the meteor radar estimates of mesospheric temperature.
The peculiarities of Geminids and Quadrantids may tentatively be interpreted as different compositions due to asteroids as their parents (whereas majority of other meteors originate from comets), although we are unable to rule out other physical properties such as speed or density. At this stage we can only suggest this as a problem for future research.
